(19) 



J) 




(12) 



(43) Date of publication: 

27.05.1998 Bulletin 1998/22 

(21 ) Application number: 97924373.0 

(22) Date of filing: 09.06.1997 



Europal^Pes Patentamt 
European Patent Office 

Off ice europeen des brevets (11) 

EUROPEAN PATENT APPLICATION 

published in accordance with Art. 158(3) EPC 

(51) Int. CI. 6 : C30B 29/04 




EP0 844 319 A1 



(86) International application number: 
PCT/JP97/01992 

(87) International publication number: 

WO 97/47789 (18.12.1997 Gazette 1997/54) 



(84) Designated Contracting States: 
DE FR GB NL 


• KITABATAKE, Makoto 
Nara-shi, Nara 631 (JP) 


• KUROKAWA, Hideo 


(30) Priority: 12.06.1996 JP 150618/96 


Katano-shi, Osaka 576 (JP) 


- SHIRATORI, Tetsuya 


(71) Applicant: 


Osaka-shi, Osaka 533 (JP) 


MATSUSHITA ELECTRIC INDUSTRIAL CO., LTD 




Kadoma-shi, Osaka 571 (JP) 


(74) Representative: 


Flaccus, Rolf-Dieter, Dr. 


(72) Inventors: 


Patentanwalt 


• DEGUCHI, Masahiro 


Bussardweg 10 


Hirakata-shi, Osaka 573 (JP) 


50389 Wesseling (DE) 



< 

o 

CO 

co 



(54) DIAMOND FILM AND PROCESS FOR PREPARING THE SAME 



(57) A diamond film of this invention is formed from 
growth nuclei distributed on a substrate at a density of at 
least 1 x10 10 numbers/cm 2 , the film is dense, having flat 
surface and great freedom in the thickness of the contin- 
uous film. The growth nuclei can be distributed at such 
a high density by, for example, dispersing diamond 
grains of average diameter of no more than 0. 1 um in an 
acid solution, and distributing the grains on a substrate 
immersed in the solution by any means including ultra- 
sonic vibration and voltage application. Such tech- 
niques for nucleation are simple and excellent in 
repeatability. The diamond film is formed on the sub- 
strate using the diamond grains as the growth nuclei by 
the plasma CVD or any other techniques. 
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Description 
TECHNICAL FIELD 

This invention relates to a diamond film and a 
method of producing the same. More specifically, this 
invention relates to a diamond film suitable for a semi- 
conductor layer and insulating layer in the electronics 
industry and the method of producing the same. 

BACKGROUND ART 

Recent diamond films produced by the methods 
such as chemical vapor deposition (CVD) have been 
considered technologically as a material for both semi- 
conductor layers and insulating layers having remarka- 
ble properties, since diamond being a wide band gap 
material (forbidden band width is about 5.5eV) is suita- 
ble for an electronic material for various fields because 
of its properties. For example, diamond can be made a 
semiconductor by doping, and it has an excellent elec- 
tron emitting property, hardness, wear resistant prop- 
erty, high thermal conductivity and chemical inertness. 

Conventional diamond films are produced from the 
source gas consisting of a carbon-based gas and a 
hydrogen gas by the vapor deposition or some other 
methods. In such a method, films of about at least 0.5 
iim thick are formed on substrates such as silicon. The 
crystal grains* diameter is approximately 0.5 jim or 
more, and the crystal grain density ranges from about 
10 8 -10 9 number/cm 2 . For producing these diamond 
films, the growth nuclei should be controlled in the initial 
growing process, since in general, very few growth 
nuclei will be generated when a diamond film is formed 
on a substrate such as silicon without any treatment, 
and film-formation will be difficult. In addition, the growth 
nuclei have relations with the properties of the films and 
with the adhesion to the substrates. Therefore, a so- 
called "scratching" has been carried out in conventional 
arts as a pretreatmerrt for substrates. Specifically, 
growth nuclei are formed by scratching the surface of 
the substrate material using diamond abrasive grains 
having a comparatively large diameter of from several 
jim to tens of urn. Publication of Japanese Patent Appli- 
cation (Tokkai Hei) No. 5-271 939 discloses that a spher- 
ical shape diamond powder with an average diameter of 
2-50nm is used for scratching the surface of the sub- 
strates. Publication of Japanese Patent Application 
(Tokkai Hei) No. 5-58784 discloses that diamond growth 
nuclei are formed by using diamond ultra-fine grains of 
diameter from 2 to 100nm on the substrates. 

Such diamond films obtained by the conventional 
techniques are, however, comparatively large in the 
crystal grain sizes and the continuous films are compar- 
atively thick. As a result, the freedom degree for the 
thickness of the formed continuous film was relatively 
low and the films were not sufficiently dense. In addi- 
tion, the surface flatness and the properties of a dia- 



mond film are not homogeneous, and the films are not 
sufficiently adhered to substrates. Factors of such prob- 
lems are closely related to the nucleation enhancement 
that is carried out as a pretreatment. Though the con- 

5 ventional treatments such as scratching or simply 
applying diamond ultra-fine grains to a substrate will 
enhance the nucleation, the nucleation density is no 
more than 10 3 -10 9 per 1cm 2 , and thus, diamond films 
with sufficient density, adhesion, and homogeneity in a 

to film is difficult to be obtained. A large substrate might 
not be treated with a sufficient homogeneity. Another 
problem is the insufficient repeatability of nucleation 
effect obtained for every batch. 

is DISCLOSURE OF THE INVENTION 

in order to solve these and other problems of con- 
ventional techniques, this invention aims to provide a 
high-quality diamond film having high freedom degree 

20 for the thickness of the continuous film. Such a film is 
dense, and excellent in flatness, homogeneity and 
adhesion. Another object of this invention is to provide a 
method for generating growth nuclei in a simple manner 
with a good repeatability in order to form such a high- 

25 quality film that has a great degree of freedom for a con- 
tinuous film thickness, and with great surface flatness, 
surface homogeneity and adhesion. 

In order to achieve the above objects, a diamond 
film of this invention is a diamond film formed on a sub- 

30 strate, and formed from growth nuclei at a density of at 
least 1x10 10 numbers per 1 cm 2 . 

In order to achieve the above objects, another dia- 
mond film of this invention is a diamond film formed on 
a substrate, and it has a surface comprising diamond 

35 crystal grains at a density of at least IxiO 10 numbers 
per 1 cm 2 . 

A diamond film of this invention is formed from 
growth nuclei existing at a density of 1xl0 10 numbers 
per 1 cm 2 , and thus, it has a surface comprising densi- 

40 tied diamond crystal grains of "at least 1x10 10 numbers 
per 1 cm 2 . As a result, extremely thin continuous films 
(about 0.5 urn or less) can be obtained and the adhe- 
sion to the substrate will be improved. Moreover, such a 
diamond film is more homogeneous and dense com- 

45 pared to the films of conventional techniques. The sur- 
face of this film has a smoother and flatter surface since 
its surface comprises ultra-fine diamond crystal grains. 
These shapes and properties are advantageous for 
using this diamond film as an electronic material 

so because the properties such as hardness and thermal 
conductivity are distributed in the surface quite evenly 
and the film is easily stacked. When the density of the 
diamond growth nuclei is less than 1x10 10 per 1 cm 2 , 
spaces tend to exist among the formed diamond crystal 

55 grains. As a result, a thin film is difficult to be formed 
continuously, or the adhesion or density of the film will 
deteriorate, which results in difficulty in producing a dia- 
mond film with great surface flatness and surface homo- 
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geneity. 

In order to achieve the above-mentioned aims, the 
method of producing the diamond films of this invention 
comprises: 

a step of distributing diamond grains on a substrate 
at a density of at least 1x10 10 numbers per 1 cm 2 ; 
and 

a step of forming a diamond film on the substrate by 
using the grains as the growth nuclei. 

According to the method of producing diamond 
films of this invention, homogeneous and dense dia- 
mond films can be formed in a short time with a good 
repeatability since layers comprising diamond crystal 
grains are formed on the growth nuclei distributed at the 
density of at least 1 x10 10 numbers per 1 cm 2 . The dia- 
mond is homoepitaxially-grown by using the diamond 
grains themselves as the growth nuclei in this invention, 
not by using growth nuclei formed by scratching the 
substrate, and thus, the film quality will be remarkably 
improved. As mentioned above, this film is advanta- 
geous from various viewpoints. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGs. l(a)-1(e) are cross-sectional views schemat- 
ically showing a process where a diamond film is 
formed on diamond grains as the growth nuclei located 
on a substrate. 

FIGs. 2(a)-2(e) are cross-sectional views schemat- 
ically showing a process where a diamond film is 
formed on diamond grains as the growth nuclei partially 
embedded in the surface layer of a substrate. 

FIG. 3 is an enlarged cross-sectional view of a dia- 
mond grain indicated in FIG. 1(b). 

FIG. 4 is an enlarged cross-sectional view of a dia- 
mond grain indicated in FIG. 2(b). 

FIGs. 5(a)-5(d) are photomicrographs showing the 
results of observation taken by using a scanning elec- 
tron microscope, where a diamond film is formed on dia- 
mond grains as the growth nuclei (growth times for 
FIGs. 5(a)-5(d) are 0 minute, 5 minutes, 10 minutes, 
and 15 minutes respectively). 

FIG. 6 is a graph showing the relationship between 
the average diamond grain diameter and the diamond 
nuclei formation density when the substrate is pre- 
heated by using a solution containing dispersed dia- 
mond grains. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The preferred mode for a diamond film and the 
method of producing the film of this invention are 
explained below. 

It is preferable that the diamond film is a continuous 
film of no more than 0.5 um thick. It is more preferable 
that the thickness of the continuous film is no more than 



0.25 um. Diamond continuous films in such preferable 
embodiments are thin and have good flatness. This dia- 
mond film is a dense and continuous film that can be 
formed in a short time, and also easily applied to lami- 

5 nation. As a result, the application range for a diamond 
film can be enlarged to various electronic devices. 

It is preferable in the diamond film that the substrate 
for forming the film is silicon (Si). It is also preferable 
that the outermost surface layer of the substrate is a 

w cubic silicon carbide layer. According to such preferable 
embodiments, properties of the diamond film including 
the crystalline property can be improved. The process 
configuration will be facilitated specifically when a sili- 
con substrate is used, and a silicon-containing device 

75 and the diamond layer can be dissolved. When a sur- 
face layer comprising cubic silicon carbide is used, the 
orientation for the crystal grain forming the diamond film 
can be further improved. 

It is also preferable in the diamond film that the film 

20 is a single crystalline film, or at least 80% crystal grains 
preferably have the same surface-direction if the film is 
a poly-crystalline film. According to such preferable 
embodiments, the films provided with desirable proper- 
ties by diamond can be applied to various fields. From 

25 this point of view, the surface of the substrate for the dia- 
mond film preferably comprises either silicon or cubic 
silicon carbide as mentioned above. 

In producing the diamond film of this invention, the 
diamond grains can be distributed on the substrate, or it 

30 is preferable that the diamond grains are partially 
embedded in the surface layer of the substrate. Accord- 
ing to this preferable embodiment, a diamond film hav- 
ing further improved adhesion between the substrate 
and the diamond film can be produced. 

35 It is preferable in producing the diamond film that at 
least 5% of the area of the substrate surface is covered 
with the distributed diamond grains. It is further prefera- 
ble that 10% or more of the area is covered. In produc- 
ing the diamond film, it is preferable that the average 

40 diameter of the diamond grains distributed on the sub- 
strate is no more than 0.1 um, more preferably, no more 
than 0.02 um. According to such preferable embodi- 
ments, a diamond film that is further homogeneous, 
dense and flat can be obtained. The minimum average 

45 diameter of the diamond grain is 0.005 preferably, 
though that is not a specific limitation. 

In producing the diamond film, the process to dis- 
tribute the diamond grains on the substrate is selected 
from the following steps: 

50 

a step of immersing the substrate in a solution con- 
taining dispersed diamond grains and applying 
ultrasonic vibration to the solution; and 
a step of immersing the substrate in a solution con- 
55 taining dispersed diamond grains and applying volt- 
age by using the substrate as an electrode. When 
the substrate is an electrode for being applied with 
voltage, the other electrode is preferably the con- 
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tainer or a conducting material immersed in the 
solution in the container. According to such prefera- 
ble embodiments, grains can be distributed on a 
substrate with good controllability and repeatability 
over a large surface of a substrate homogeneously. 
In addition, a substrate having diamond grains 
located at a desired density is easily produced, and 
thus, a high-quality diamond film having homoge- 
neity and density is produced effectively. 

It is also preferable in producing the diamond film 
that the amount of the diamond grains dispersed in the 
solution ranges from 0.01 to 100g per 1 liter solution. 
More preferably, the amount of the diamond grains 
ranges from 0.1 to 20g per 1 liter solution. According to 
such preferable embodiments, diamond grains of at 
least 1x10 10 numbers per 1 cm 2 can be distributed on 
the surface of the substrate easily. 

It is preferable in producing the diamond film that 
the numbers of the diamond grains dispersed in the 
solution range from 1xl0 16 to 1 xlO 20 per 1 liter of solu- 
tion. It is further preferable that the numbers of the dia- 



mond grains range from IxlO 1 ' to 1x10 iy per 1 liter 
solution. According to such preferable embodiments, 
diamond grains of at least 1x10 10 numbers per 1 cm 2 
can be distributed on the surface of the substrate easily. 

It is preferable in producing the diamond film that 
the pH value of the solution is no more than 7. It is fur- 
ther preferable that the pH value of the solution ranges 
from 2 to 4. According to such preferable embodiments, 
diamond grains in the solution can be distributed homo- 
geneously on the surface of the substrate. 

It is preferable in producing the diamond film that 
the solution mainly comprises at least one material 
selected from the group consisting of water and alco- 
hols. Both water and alcohols are easily handled and 
are the best dispersing solvents for the diamond grains. 

It is preferable in producing the diamond film that 
the solution contains a fluorine compound. It is also 
preferable that the fluorine compound is either hydrogen 
fluoride or ammonium fluoride. According to such pref- 
erable embodiments, the grains can be distributed 
homogeneously on a substrate such as silicon. Such 
solutions include hydrofluoric acid that is prepared by 
dissolving hydrogen fluoride in water. 

It is preferable in producing the diamond film that 
the process for growing the diamond film on the sub- 
strate is a process for forming diamond film by vapor- 
phase deposition. Among vapor-phase depositions, the 
chemical vapor deposition (CVD) is typically preferred. 
In the CVD, a source gas is prepared by diluting a car- 
bon source selected from organic compounds and inor- 
ganic carbon compounds in hydrogen, and 
decomposing the gas. The organic compounds include 
hydrocarbon gasses (e.g.. methane, ethane, ethylene 
and acetylene), alcohols and acetone, while one exam- 
ple of the inorganic carbon compounds is carbon mon- 
oxide. Plasma chemical vapor deposition (plasma CVD) 



is specifically preferred. According to such preferable 
embodiments, a high-quality diamond film can be easily 
formed. Materials such as oxygen and water can be 
added to the source gas, if necessary. 

5 It is preferable in producing the diamond film that 

the substrate surface having distributed diamond grains 
is heated before the step of growing the diamond film on 
the substrate. It is also preferable that the substrate sur- 
face with the distributed diamond grains is exposed to 

io plasma before the step of growing the diamond film on 
the substrate. It is preferable that ultraviolet rays are 
irradiated on the substrate surface having distributed 
diamond grains before the step of growing the diamond 
film on the substrate. It is further preferable that the 

75 treatment atmosphere comprises hydrogen gas. 
According to such preferable embodiments, the orienta- 
tion of the diamond film can be controlled easily. 

The process of growth of the diamond film is 
explained below referring to the drawings. 

20 FIGs. 1(a)-1(e) are schematic cross-sectional 
views showing one example for forming a diamond film 
on diamond grains as the growth nuclei located on a 
substrate. First, diamond grains 2 are located on a pre- 
pared substrate 1 (FIG. 1(a)) at a distribution density of 

25 at least 1x10 10 numbers per 1 cm 2 (FIG. 1(b)). When 
this substrate 1 is used for diamond vapor phase 
growth, diamond crystal grains 3 begin to grow on the 
diamond grains 2 as the growth nuclei sites located in 
the initial step (FIG. 1(c)). The grains as the sites for the 

30 growth nuclei are diamond grains, and thus, good dia- 
mond can grow. The diamond crystal grains get bigger 
as a result of growth (FIG. 1(d)), and at the last step, the 
adjacent diamond crystal grains will be combined with 
each other to be a continuous diamond film (FIG. 1(e)). 

35 FIGs. 2(a)-2(e) are schematic cross-sectional 
views showing a diamond film being formed on diamond 
grains as the growth nuclei that are partially embedded 
in the surface layer of a substrate 1 1 , with the other por- 
tions of the grains protruding from the substrate. Similar 

40 to the case shown FIGs l(a)-l(e), diamond crystal 
grains 13 grow using the exposed parts of the diamond 
grains 12 as the growth nuclei sites so that a diamond 
film 14 is obtained (FIGs. 2(a)-2(e)). FIGs. 3 and 4 show 
the enlarged cross sectional views of the diamond 

45 grains 2 and 1 2 distributed on the respective substrates. 
As clearly shown from FIGs. 1(a)-1(e) and FIGs. 
2 (a) -2(e), nucleation density in the initial steps for the 
growth is closely related to some factors such as the 
time required for forming a film-like diamond layer, the 

so surface configuration of the obtained diamond film, 
homogeneity and density. The nucleation density 
should be at least 1x10 10 per 1 cm 2 to form a thin con- 
tinuous film and to improve the properties remarkably. 
In a preferable embodiment of this invention, dia- 

55 mond grains with an average diameter of no more than 
0.1 jim are distributed on a substrate or on a surface 
layer of the substrate at a density of at least Ixio 10 
numbers per 1 cm 2 to make growth nuclei sites in the 
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initial steps for forming a diamond film. As a result, dia- 
mond growth sites are formed with high density and 
good repeatability, and thus, high-quality diamond films 
that are dense, homogeneous and smooth can be 
obtained easily. The properties of the diamond films can 5 
be obtained by artificially controlling the number, size 
and positions of the located diamond grains within the 
predetermined density range. 

In the above embodiments, diamond grains are 
used for the growth nuclei for the diamond films. This to 
invention is not limited thereto, but the similar result can 
be obtained when growth nuclei of at least 1 xio 10 num- 
bers per 1 cm 2 are formed by any other way, such as ion 
irradiation. 

In a preferable embodiment of this invention, a dia- 15 
mond film has a surface which is composed of diamond 
crystal grains at a density of at least 1x10 10 numbers 
per 1 cm 2 . This surface is composed of fine diamond 
crystal grains (the preferable average diameter is about 
0.1 pm or less), and thus, a diamond layer stacked on 20 
this surface will grow to be a layer of fine diamond crys- 
tal grains on the fine diamond crystal grains. Therefore, 
a diamond film with good homogeneity and surface flat- 
ness as a whole can be obtained.. 

A preferable embodiment of this invention com- 25 
prises a step of distributing diamond grains dispersed in 
a solution on a substrate or on a surface layer of the 
substrate. In this step, the homogeneity of the growing 
film will be remarkably improved since the numbers and 
the positions for the distribution of the diamond grains so 
can be controlled in a simpler way with better repeatabil- 
ity compared to the conventional method for pre-treating 
a substrate. The preferable amount of the diamond 
grains dispersed in a solution ranges from 0.01 to lOOg 
per 1 liter solution in general, though it depends on the 35 
grain size. The preferable amount is about 1g when the 
average diameter is 0.01 ^m, and about 16g when the 
average diameter is 0.04 urn. 

This invention will be explained below in more detail 
referring to some examples. 40 

Example 1 

First, a substrate was prepared. Though the base 
material is not specifically limited as long as it enables 45 
the vapor-phase deposition of diamond, silicon (Si) is 
generally preferred. In this Example 1 , a two-inch silicon 
substrate was used. 

This silicon substrate was cleaned in the general 
washing step, immersed in a container containing dis- so 
persed diamond grains with average diameter of 0.02 
pm, and the entire container was ultrasonically vibrated. 
Hereinafter this treatment will be indicated as the ultra- 
sonic vibration treatment. The solution used in this 
Example 1 was prepared by dispersing 2g of diamond 55 
grains in 1 liter of deionized water to which 2 liters of 
ethanol was further added and several drops of 
hydrofluoric acid were dripped. The pH value was about 
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3. In other words, this solution contained diamond 
grains of about 0.67g, or about 4x10 17 numbers, per 1 
liter. The power applied during the ultrasonic vibration 
treatment was about 20W, and the treatment time was 
10 minutes. The silicon substrate treated with the ultra- 
sonic vibration was washed in deionized water and 
dried by blowing with nitrogen gas. The surface of this 
silicon substrate was observed with a scanning electron 
microscope to find that the diamond grains dispersed in 
the solution were homogeneously distributed on the sil- 
icon substrate. The distribution density was about 
5x1 0 10 numbers/cm 2 . Such a high distribution density 
was obtained because ultrasonic vibration was provided 
to adhere the diamond grains onto the substrate as well 
as the blend of the diamond grain solution was opti- 
mized. 

Using the vapor-phase deposition, a diamond film 
was formed on the silicon substrate having highly-den- 
sified diamond grains. In this Example 1, the diamond 
film was formed by microwave plasma CVD. Microwave 
plasma CVD is a technique for forming diamond by 
applying microwave to the source gas in order to pias- 
matise the gas. More specifically, the source gas was 
carbon monoxide gas diluted with hydrogen to about 1- 
10 vol.%. The reaction temperature ranged from 800 to 
900°C and the pressure ranged from 25 to 40 Torr. 

When a diamond film was formed on a silicon sub- 
strate in the above-identrfied way, dense, homogeneous 
and flat diamond film grew on the entire surface of the 
silicon substrate. The time required for forming a film 
from the grown diamond was found to be half or less 
compared to the case in which a diamond is formed in 
the conventional way (scratching). This is considered to 
be caused by the extremely great nucleation density of 
diamond. An observation was carried out to examine 
the nucleation in the initial stages for growing by chang- 
ing the diamond's growing time. The result clarified that 
the diamond grew using respective diamond grains 
located on the substrate for the growth nuclei sites. In 
other words, the nucleation density on the silicon sub- 
strate treated with the ultrasonic vibration was about 
5x1 0 10 numbers/cm 2 that was almost as same as that 
of the diamond distribution. The density was greater by 
one order of magnitude than one of a substrate pre- 
treated in a conventional way. Also the conventional 
techniques did not provide high-quality diamond films 
(e.g., hole-free continuous diamond films that are no 
more than 0.2 urn thick, or flat diamond films). It was 
also certified that the adhesion to the substrate or 
homogeneity of the properties was found to have been 
improved remarkably compared to the conventional 
films. 

Substantially the same result was shown in forming 
nuclei at a high density in other cases such as the dia- 
mond film grown under another condition, changing 
diameter and amount of the diamond grains in a prede- 
termined range, or varying the blending ratio and pH 
value of the solution. 
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Example 2 

The condition of the ultrasonic vibration treatment 
was varied to obtain the following result. 

The substrate and the substrate-washing step were 
the same as Example 1. The silicon substrate was 
immersed in a container containing a solution having 
dispersed diamond grains with average diameter of 
0.01 jim in order to conduct the ultrasonic vibration 
treatment. The solution used in this Example 2 was pre- 
pared by dispersing 0.2g of diamond grains in 1 liter of 
deionized water and in which several drops of hydrofluo- 
ric acid was dripped. The pH value was approximately 
3. In other words, the solution contained about 1xl0 17 
numbers of diamond grains per 1 liter. The power 
applied during the ultrasonic vibration treatment was 
about 100W, and the treatment time was 5-15 minutes. 
The silicon substrate treated with the ultrasonic vibra- 
tion was washed with deionized water and dried by 
blowing with nitrogen gas. The surface of this silicon 
substrate was observed with a scanning electron micro- 
scope to find that the diamond grains dispersed in the 
solution were homogeneously distributed on the silicon 
substrate as in Example 1. Moreover, some grains were 
partially embedded in the substrate surface. The distri- 
bution density was about 1 xl 0 1 1 numbers/cm 2 or more. 

Using the vapor-phase deposition, a diamond film 
was formed on the silicon substrate on which the dia- 
mond grains were located at a Ngh density. The tech- 
nique was the same as that indicated in Example 1. 
FIGs. 5(a)-5(d) are the observation result to show how 
the film grows. FIG. 5(a) shows a silicon substrate sur- 
face pre-treated by the ultrasonic vibration. FIGs. 5(b), 
(c) and (d) respectively show how the diamond film 
grows by the vapor-phase deposition for 5, 10 and 15 
minutes. These images show that a dense, homogene- 
ous and flat diamond film was formed in about 10 min- 
utes on the entire surface of the silicon substrate. This 
film-forming time is further shortened compared to 
Example 1 , which is considered to be the result of the 
further improved nucleation density of the diamond. 

Example 3 

The condition of the ultrasonic vibration treatment 
was varied to obtain the following result. 

The substrate, the substrate-washing steps and the 
solution used for the ultrasonic vibration treatment were 
the same as Example 2. In this Example 3, the sub- 
strate was treated with the ultrasonic vibration under the 
condition that the applied power was 350 W and the 
treatment time was 30 minutes. The silicon substrate 
surface treated with the ultrasonic vibration under this 
condition was observed by using a scanning electron 
microscope. The result showed that many of the dis- 
persed diamond grains were partially embedded in the 
surface layer of the silicon substrate. This is considered 
to be caused by the applied power and treatment time of 



the ultrasonic vibration treatment condition being 
greater than the case of Example 2. 

Next, a diamond film was formed on this silicon sub- 
strate by the microwave plasma CVD. The deposition 

5 condition for the diamond film was the same as for the 
above Examples. The diamond film formed on a silicon 
substrate in the above-mentioned way was found to be 
growing with density, homogeneity and good flatness on 
the entire surface of the silicon substrate. It was also 

io found that the film-forming time for the grown diamond 
to be a film was shortened than that of Example 1. This 
shows that the diamond grains embedded in the surface 
layer of the silicon substrate effectively function as the 
growth nuclei sites for the diamond as well as the dia- 

75 mond grains located on the silicon substrate. In addition 
to that, the adhesion of the formed diamond film to the 
silicon substrate was improved compared to the case of 
Example 1. This is considered to be caused by the dia- 
mond grains located during the pretreatment being 

20 embedded in the surface layer of the silicon substrate. 

In Examples 2 and 3, like in Example 1, excellent 
diamond films can be provided. The diamond films are 
thin but hole-free continuous films (the thickness is 
about 0.2 urn), or diamond films with good flatness. 

25 Such films are difficult to be formed by conventional 
techniques. The adhesion to the substrate or homoge- 
neity of the properties was also found to have been 
improved remarkably compared to the conventional 
films. 

30 

Example 4 

In this Example, a substrate was immersed in a 
container containing a solution comprising diamond 

35 grains dispersed therein, and the substrate was pre- 
treated by applying voltage between the substrate and 
an electrode. The result is explained below. 

The substrate and the substrate-washing steps 
were the same as the above Examples. Then, the sili- 

40 con substrate and a platinum "flat electrode plate were 
immersed in parallel in a container of a solution, and 
direct voltage was applied between the silicon substrate 
and the platinum electrode (hereinafter, this treatment is 
called the voltage application treatment). The average 

45 diameter of the diamond grains dispersed in the solution 
was 0.01 um. The solution used in this Example 4 was 
prepared by dispersing 0.2g of diamond grains in 1 liter 
of deionized water. The condition for the voltage appli- 
cation treatment was decided to apply voltage of 20- 

50 100V for 5 minutes when the platinum electrode side 
was the negative electrode and the silicon substrate 
side was the positive electrode. The silicon substrate 
treated with the voltage application was washed with 
deionized water, and then, dried by blowing with nitro- 

55 gen gas. The surface of the voltage-applied silicon sub- 
strate was observed by using a scanning electron 
microscope. This observation showed that the diamond 
grains dispersed in the solution were distributed on the 
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silicon substrate homogeneously. The distribution den- 
sity was about 3x1 0 10 numbers/cm 2 . This is considered 
to be caused by the following theory: The colloidal dia- 
mond grains in the solution were charged and thus, they 
were attracted to the silicon substrate used for an elec- 5 
trode by the voltage application. 

Next, a diamond film was formed on the silicon sub- 
strate by the microwave plasma CVD. The condition for 
depositing diamond films was the same as the above 
Examples. When a diamond film was formed on the sil- 10 
icon substrate in the above-identHied way, a dense, 
homogeneous and flat diamond film grew on the entire 
surface of the silicon substrate. 

Diamond films were also formed under different 
conditions. Or solutions were prepared by varying the 75 
diameter or the amount of the diamond grains within a 
predetermined range, or by varying the blend ratio of 
the solutions; the platinum electrode as the negative 
electrode was replaced by a conductive container. In 
every case, similar nuclei were formed with a high den- 20 
sity. 

Example 5 and Comparative Example 

A similar experiment was conducted for comparison 25 
with the above Examples by using a solution mixed with 
diamond grains with a bigger average diameter. In 
Example 5, diamond grains of an average diameter of 
0.1 were used. In Comparative Example, a solution 
was prepared by using diamond abrasive grains of 2-4 30 
urn that are generally used for scratching (pre-treating) 
the substrate, and then, the ultrasonic vibration treat- 
ment or voltage application treatment was conducted as 
mentioned above. 

The diamond abrasive grains had extremely big 35 
diameter compared to the diamond grain used for 
Examples 1-5, and thus, the abrasive grains were not 
dispersed in the solution well but precipitated in a short 
time after mixing. After fully stirring to distribute the dia- 
mond abrasive grains as much as possible, the silicon 40 
substrate was pre-treated under the same condition as 
the Examples to form a diamond film. As a result, the 
nucleation density was lower than that of the Examples 
by at least one order of magnitude, and the time 
required for film-forming was twice or more. The film 45 
thickness on the substrate surface was uneven, and the 
density and homogeneity were insufficient. Also the sur- 
face smoothness extremely deteriorated compared to 
the film formed in the Examples. 

FIG. 6 is a graph showing the relationship between 50 
the average diameter of the diamond grains in the solu- 
tion and the diamond nucleation density obtained by the 
pretreatment for the silicon substrate using the solution. 
FIG. 6 shows that the average diameter of the grains 
dispersed in the solution should be no more than 0.1 urn 55 
in order to obtain effective nucleation density of at least 
1x10 10 numbers/cm 2 . 



Example 6 

The substrate used in Example 6 was prepared by 
heteroepitaxially growing a single crystal cubic silicon 
carbide layer (p-SiC) to be 2 um thick on a silicon sub- 
strate. 

First, this substrate was immersed in a container 
containing a solution comprising diamond grains having 
a diameter of 0.01 um dispersed therein, and treated 
with ultrasonic vibration. In this Example 6, a solution 
was prepared by dispersing 0.2g of diamond grains in 1 
liter of deionized water and dripping several drops of 
hydrofluoric acid. The pH value was approximately 3. 
Regarding the condition for the ultrasonic vibration 
treatment, the power was 1 00W, and the time for treat- 
ment was 15 minutes. After the ultrasonic vibration 
treatment, the silicon substrate with a cubic silicon car- 
bide layer formed thereon (p-SiC/Si substrate) was 
washed with deionized water, and dried by blowing with 
nitrogen gas. As a result of an observation of this p- 
SiC/Si substrate using a scanning electron microscope, 
diamond grains were homogeneously distributed on the 
cubic silicon carbide layer as in the case of a silicon sub- 
strate. The diamond distribution density was about 
1x10 11 numbers/cm 2 . 

A diamond film was further formed by using vapor- 
phase deposition on this p-SiC/Si substrate with dia- 
mond grains distributed thereon. The method for depos- 
iting a diamond film can be referred to the above 
Examples. As a result, a diamond film that was dense, 
homogeneous and flat grew on the entire surface of the 
p-SiC/Si substrate too. The orientation was improved 
compared to the case where silicon was used for the 
substrate. This is considered to be a result of interaction 
between the cubic silicon carbide layer and the diamond 
grains. 

Before forming a diamond film on the pre-treated p- 
SiC/Si substrate having diamond grains distributed ther- 
eon, the substrate was treated by heating at 1000°C in 
a hydrogen gas, exposing to hydrogen plasma, or irradi- 
ating ultraviolet rays with wavelength of 200-300nm. In 
all cases, the diamond orientation was further improved, 
and thus, highly-oriented diamond films on which many 
diamond crystal grains had the same surface-direction 
were obtained. More specifically, the surface-direction 
of at least 80% diamond crystal grains contained in the 
diamond films was matched. 

INDUSTRIAL APPLICABILITY 

As mentioned above, the diamond films in this 
invention are homogeneous, dense and high-quality 
films that are specifically useful for semiconductor lay- 
ers or insulating layers in the electronics industry. 

Claims 

1. A diamond film formed on a substrate, being 
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formed from growth nuclei at a density of at least 
IxlO 10 numbers/cm 2 . 

2. A diamond film formed on a substrate, comprising a 
plane that comprises diamond crystal grains at a 
density of at least 1xl0 10 numbers/cm 2 . 

3. The diamond film according to claim 1 or 2, wherein 
the film is a continuous film of no more than 0.5 urn 
thick 

4. The diamond film according to claim 1 or 2, wherein 
the substrate comprises silicon. 

5. The diamond film according to claim 1 or 2, wherein 
the outermost surface layer of the substrate com- 
prises cubic silicon carbide. 

6. The diamond film according to claim 1 or 2, wherein 
the film is a single crystalline film. 

7. The diamond film according to claim 1 or 2, wherein 
the film is a poly-crystalline film where at least 80% 
of crystal grains have the same surface-direction. 

8. A method of producing a diamond film comprising: 

a step of distributing diamond grains on a sub- 
strate at a density of at least 1x10 10 num- 
bers/cm 2 ; and 

a step of growing a diamond film on said sub- 
strate by using said diamond grains as growth 
nuclei. 

9. The method of producing a diamond film according 
to claim 8, wherein the diamond grains distributed 
on the substrate comprise diamond grains partially 
embedded in the surface layer of the substrate. 

10. The method of producing a diamond film according 
to claim 8, wherein at least 5% of the area of the 
substrate surface is covered with the diamond 
grains in the step of distributing the diamond grains 
on the substrate. 

11. The method of producing a diamond film according 
to claim 8. wherein the average diameter of the dia- 
mond grains distributed on the substrate is no more 
than 0.1 pm. 

12. The method of producing a diamond film according 
to claim 8, wherein the step of distributing the dia- 
mond grains on the substrate is a step of immersing 
the substrate in a solution containing dispersed dia- 
mond grains and applying ultrasonic vibration to the 
solution. 

13. The method of producing a diamond film according 
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to claim 8, wherein the step of distributing the dia- 
mond grains on the substrate is a step of immersing 
the substrate in a solution containing dispersed dia- 
mond grains and applying voltage by using the sub- 
strate as an electrode. 

14. The method of producing a diamond film according 
to claim 13, wherein said substrate is one electrode 
while the other electrode is selected from the group 
consisting of a container containing the solution 
and a conducting material immersed in the solution. 

15. The method of producing a diamond film according 
to claim 12 or 13, wherein the amount of the dia- 
mond grains dispersed in the solution ranges from 
0.01g to 100g per 1 liter of solution. 

1 6. The method of producing a diamond film according 
to claim 12 or 13, wherein the number of the dia- 
mond grains dispersed in the solution ranges from 
1xi0 16 to 1xi0 20 per 1 liter of solution. 

17. The method of producing a diamond film according 
to claim 12 or 13. wherein the pH value of the solu- 
tion is no more than 7. 

18. The method of producing a diamond film according 
to claim 12 or 13, wherein the solution contains at 
least one component selected from the group con- 
sisting of water and alcohols as a main component. 

19. The method of producing a diamond film according 
to claim 12 or 13, wherein the solution contains a 
fluorine compound. 

20. The method of producing a diamond film according 
to claim 19, wherein the fluorine compound is 
selected from the group consisting of hydrogen flu- 
oride and ammonium fluoride. 

21 . The method of producing a diamond film according 
to claim 8, wherein the step of forming the diamond 
film on the substrate is a step of forming the dia- 
mond film by a vapor-phase deposition. 

22. The method of producing a diamond lilm according 
to claim 8, wherein the substrate surface having the 
distributed diamond grains is heated before the 
step of growing the diamond film on said substrate. 



50 



23. The method of producing a diamond film according 
to claim 8, wherein the substrate surface having the 
distributed diamond grains is exposed to plasma 
before the step of growing the diamond film on said 

55 substrate. 

24. The method of producing a diamond film according 
to claim 8. wherein the substrate surface having the 
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distributed diamond grains is irradiated with ultravi- 
olet rays before the step of growing the diamond 
film on said substrate. 

25. The method of producing a diamond film according 
to any one of claims 22-24, wherein the atmos- 
phere for treating the substrate surface contains 
hydrogen gas. 

Amended Claims 

1. (Amended) A diamond film formed on a sub- 
strate, being formed from grains as growth nuclei 
located on a substrate surface at a density of at 
least 1x10 10 numbers/cm 2 . 

2. (Amended) A diamond film according to claim 1 ( 
comprising a plane that comprises diamond crystal 
grains at a density of at least 1xl0 10 numbers/cm 2 . 

3. (Amended) The diamond film according to claim 
1, wherein the film is a continuous film of no more 
than 0.5 pm thick. 

4. (Amended) The diamond film according to claim 
1 , wherein the substrate comprises silicon. 

5. (Amended) The diamond film according to claim 
1 . wherein the outermost surface layer of the sub- 
strate comprises cubic silicon carbide. 

6. (Amended) The diamond film according to claim 
1 , wherein the film is a single crystalline film. 

7. (Amended) The diamond film according to claim 
1 , wherein the film is a poly-crystalline film where at 
least 80% of crystal grains have the same surface- 
direction. 

8. (Amended) A method of producing a diamond 
film comprising: 

a step of preparing diamond grains whose 
average grain diameter is no more than 0.1 ^m; 
a step of distributing said diamond grains on a 
substrate at a density of at least 1x10 10 num- 
bers/cm 2 ; and 

a step of growing a diamond film on said sub- 
strate by using said diamond grains as growth 
nuclei. 

9. (Amended) The method of producing a diamond 
film according to claim 8, wherein the diamond 
grains distributed on the substrate surface com- 
prise diamond grains partially embedded in the 
substrate. 

10. (Amended) The method of producing a dia- 



mond film according to claim 8, wherein at least 5% 
of the area of the substrate surface is covered with 
the diamond grains in the step of distributing the 
diamond grains on the substrate surface. 

5 

11. (Cancelled) 

12. (Amended) The method of producing a dia- 
mond film according to claim 8, wherein the step of 

io distributing the diamond grains on the substrate 
surface is a step of immersing the substrate in a 
solution containing dispersed diamond grains and 
applying ultrasonic vibration to the solution. 

75 13. (Amended) The method of producing a dia- 
mond film according to claim 8, wherein the step of 
distributing the diamond grains on the substrate 
surface is a step of immersing the substrate in a 
solution containing dispersed diamond grains and 

20 applying voltage by using the substrate as an elec- 
trode. 

14. The method of producing a diamond film 
according to claim 13, wherein said substrate is one 
25 electrode while the other electrode is selected from 
the group consisting of a container containing the 
solution and a conducting material immersed in the 
solution. 

30 15. The method of producing a diamond film 
according to claim 12 or 13, wherein the amount of 
the diamond grains dispersed in the solution ranges 
from 0.0 1g to 100g per 1 liter solution. 

35 16. The method of producing a diamond film 
according to claim 12 or 13, wherein the number of 
the diamond grains dispersed in the solution ranges 
from 1x10 16 to 1xl0 20 per 1 liter of solution. 

40 17. The method of producing a diamond film 
according to claim 1 2 or 1 3, wherein the pH value of 
the solution is no more than 7. 

18. The method of producing a diamond film 
45 according to claim 12 or 13, wherein the solution 
contains at least one component selected from the 
group consisting of water and alcohols as a main 
component. 

50 19. The method of producing a diamond film 
according to claim 12 or 13, wherein the solution 
contains a fluorine compound. 

20. The method of producing a diamond film 
55 according to claim 19, wherein the fluorine com- 
pound is selected from the group consisting of 
hydrogen fluoride and ammonium fluoride. 
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21. The method of producing a diamond film 
according to claim 8, wherein the step of forming 
the diamond film on the substrate is a step of form- 
ing the diamond film by a vapor-phase deposition. 

5 

22. The method of producing a diamond film 
according to claim 8, wherein the substrate surface 
having the distributed diamond grains is heated 
before the step of growing the diamond film on said 
substrate. 10 

23. The method of producing a diamond film 
according to claim 8, wherein the substrate surface 
having the distributed diamond grains is exposed to 
plasma before the step of growing the diamond film is 
on said substrate. 

24. The method of producing a diamond film 
according to claim 8, wherein the substrate surface 
having the distributed diamond grains is irradiated 20 
with ultraviolet rays before the step of growing the 
diamond f ilm on said substrate. 

25. The method of producing a diamond film 
according to any one of claims 22-24, wherein the 25 
atmosphere for treating the substrate surface con- 
tains hydrogen gas. 

Statement under Art. 19.1 PCT 

30 

Claim 1 is amended to specify a diamond film 
formed from grains as growth nuclei located on a 
substrate surface at a density of at least 1xl0 10 
numbers/cm 2 . 

A cited reference "JP, 4-240189, A" discloses a 35 
method for forming a diamond lilm, in which etch- 
pits provided by etching a poly-crystalline Si layer 
formed on a substrate are used for generating dia- 
mond nuclei. 

A cited reference "JP, 6-135798, A" discloses a 40 
method for forming a diamond film, in which a 
porous layer provided on a substrate by an anode 
forming treatment is used for generating diamond 
nuclei. 

According to the invention (Claim 1), a diamond 45 
film excellent in homogeneity and density can be 
obtained by forming the film from grains as growth 
nuclei located on a substrate surface, and the 
grains are maintained to have at least the predeter- 
mined density. 50 

Claim 2 is amended to specify that a diamond film 
having a plane comprising crystal grains at a den- 
sity of at least 1 x10 10 numbers/cm 2 is formed from 
the grains as the growth nuclei located on the sub- 55 
strate surface at the above-identified density. 

Claims 3, 4, 5, 6, and 7 are amended to be depend- 



ent on Claim 1 , following the amendment of Claim 
2. 

Claim 8 is amended to specify a method for forming 
a diamond film, comprising a step of preparing dia- 
mond grains whose average diameter is no more 
than 0.1 fim, and also a step of distributing these 
diamond grains on a substrate surface at a density 
of at least 1x10 10 numbers/cm 2 . 

According to this invention (Claim 8), a dia- 
mond film excellent in homogeneity and density can 
be obtained by distributing the prepared diamond 
grains having average diameter of no more than 0.1 
pjn and by forming a diamond film from the dia- 
mond grains as the growth nuclei. 

Claim 9 is amended to specify diamond grains dis- 
tributed on the surface of the substrate. 

Claims 10. 12 and 13 are amended to specify a 
step of distributing diamond grains on the surface of 
a substrate. 
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